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[1] The feldspar and pyroxene mineralogies on Mars revealed by the Thermal Emission
Spectrometer (TES) on Mars Global Surveyor likely record a variety of shock effects,
as suggested by petrologic analyses of the Martian meteorites and the abundance of
impact craters on the planet’s surface. To study the effects of shock pressures on thermal
infrared spectra of these minerals, we performed shock recovery experiments on
orthopyroxenite and anorthosite samples from the Stillwater Complex (Montana) over
peak pressures from 17 to 63 GPa. We acquired emissivity and hemispherical reflectance
spectra (350—1400 cm™'; ~7—29 pm) of both coherent chips and fine-grained powders
of shocked and unshocked samples. These spectra are more directly comparable to
remotely sensed data of Mars (e.g., TES) than previously acquired absorption or
transmission spectra of shocked minerals. The spectra of experimentally shocked
feldspar show systematic changes with increasing pressure due to depolymerization of
the silica tetrahedra. For the spectra of chips, this includes the disappearance of small
bands in the 500—650 cm ™' region and a strong band at 1115 cm™ ', and changes in
positions of a strong band near 940 cm™ ' and the Christiansen feature near 1250 cm ™.
Spectra of the shocked powders show the gradual disappearance of a transparency
feature near 830 cm™'. Fewer changes are observed in the pyroxene spectra at pressures
as high as 63 GPa. Spectra of experimentally shocked minerals will help identify more

precisely the mineralogy of rocks and soils not only from TES but also from future

Mars instruments such as miniTES and THEMIS.
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1. Introduction

[2] Thermal infrared spectra of the Martian surface
acquired by the Thermal Emission Spectrometer (TES) on
Mars Global Surveyor provide a means to identify and map
the distribution of a wide variety of minerals [Christensen et
al., 1998, 2001]. Spectral deconvolution (unmixing) of TES
data using the Arizona State University (ASU) mineral
spectral library [Christensen et al., 2000b] has revealed
dominantly feldspar and pyroxene mineralogies with lesser
amounts of sheet silicates and volcanic glass components
[Christensen et al., 1998, 2000c]. Derived compositions
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appear to vary regionally [Bandfield et al., 2000a] and
currently include discrete occurrences of crystalline hema-
tite [Christensen et al., 2000a] and indications of olivine-
rich regions [e.g., Hoefen and Clark, 2001].

[3] Detailed petrologic analyses of the minerals and
textures in Martian meteorites suggest that they have
experienced a variety of shock pressures and impact events
[e.g., McSween, 1994; Nyquist et al., 2001]. The abundance
of craters on Mars provide testimony to the high energies
and intense shock pressures associated with the formation
and subsequent geologic evolution of the Martian crust
[e.g., Strom et al., 1992; Hartmann et al., 1999; Barlow
et al., 2000]. The effect of high shock pressures on thermal
infrared spectra of common rock-forming minerals is both
an additional complication to the deconvolution of TES data
and a means by which highly shocked materials can be
identified and mapped on Mars.

[4] Shock-induced disordering of crystal lattices alters
thermal infrared spectral features in laboratory transmission
and absorption spectra of quartz, feldspars, pyroxenes, and
olivines [Pollack and DeCarli, 1969; Estep et al., 1972;
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Stoffler and Hornemann, 1972; Ostertag, 1983; Stoffler and
Langenhorst, 1994; Hofmeister, 1997]. Preliminary reflec-
tance measurements of naturally shocked rocks from terres-
trial impact craters demonstrated that the reduction in
structure of spectral features with increasing shock pres-
sures was apparent in quartz [D’Aria and Garvin, 1988;
Garvin et al., 1992; Betts and Nash, 1994]. However, little
systematic, quantitative work using directional hemispher-
ical reflectance and emission spectra has been published,
particularly for experimentally shocked pyroxenes and
feldspars. Such spectra are more directly comparable to
remotely sensed data of Mars such as that provided by TES
than are transmission or absorption spectra. An improved
understanding of the thermal infrared spectral effects of
high shock pressures is critical to identifying more precisely
the mineralogy of rocks and soils using data not only from
TES, but also from future Mars instruments such as the
miniTES [Squyres et al., 1998] and the multispectral imager
THEMIS [Christensen et al., 1999].

[5s] To study the thermal infrared spectral effects of shock
on pyroxene and feldspar, we experimentally shocked
orthopyroxenite and anorthosite samples from the Stillwater
Complex (Montana) at peak pressures from 17 to 63 GPa
and we examined their hemispherical reflectance and emis-
sion spectra (350—1400 cm™'; ~7—-30 pm). The results
show systematic changes with increasing pressure in feld-
spar spectra but little change in pyroxene spectra. Use of
these spectra as additional end-members in deconvolution
models of thermal infrared spectra [e.g., Thomson and
Salisbury, 1993; Ramsey and Christensen, 1998] may
permit detection and mapping of shocked materials on Mars
[Johnson et al., 2002].

2. Background

[6] As reviewed by Stoffler and Langenhorst [1994] and
Grieve et al. [1996], petrologic investigations of naturally
and experimentally shocked minerals correlate shock pres-
sure levels with specific deformation features, such as
planar deformations, diaplectic glass, high-pressure poly-
morphs, and complete melting. Similar analysis techniques
have been applied to terrestrial crater materials [e.g., Short,
1970; Dence et al., 1977], lunar regolith samples [e.g., Horz
and Cintala, 1997], and meteorites [e.g., Stoffler et al.,
1991; Bischoff and Stdffler, 1992] to understand better their
thermal and shock metamorphic histories.

[7] Some of the first applications of reflectance spec-
troscopy to shocked materials were laboratory visible/
near-infrared measurements of plagioclase and enstatite
[Adams et al., 1979; Bruckenthal and Pieters, 1984; King,
1986]. Few variations in spectral features with pressure
were observed except for a decrease in the absorption
feature near 1250 nm in plagioclase [cf. Lucey, 2002].
Lambert [1981] also measured the visible (589 nm)
reflectivity of quartz and plagioclase polished thin section
surfaces to estimate the variation of refractive index
caused by shock pressures greater than ~20-25 GPa
[cf. Horz, 1968; Stoffler, 1974; Stoffler and Langenhorst,
1994].

[8] Previous thermal infrared spectral studies of exper-
imentally and naturally shocked materials concentrated on
transmission and absorption spectra. Reflectance and emis-
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sion spectroscopy of shocked materials is preferable to
those techniques because of its current use as both a
laboratory and remote sensing tool. Further, reflectance
and emittance spectra depend on both the absorption coef-
ficient and refractive index, whereas transmission/absorp-
tion spectra depend mainly on the absorption coefficient
[e.g., Salisbury et al., 1991b]. This causes potentially
significant spectral features apparent in reflectance and
emittance spectra to be absent or reduced in transmittance
spectra.

[o] Lyon [1963] and Bunch et al. [1968] were among the
first to note that increasing shock pressures cause a decrease
in the spectral detail and intensity of absorption features in
quartz and feldspars. This behavior was attributed to the
increased disorder of the lattice structure in the shocked
minerals. Stoffler [1972, 1974] and Stdffler and Hornemann
[1972] obtained infrared absorption spectra of naturally and
experimentally shocked quartz and feldspars that showed a
decrease in the number and sharpness of absorptions and
shifts in band positions as pressure increased. Schneider
[1978] suggested that pressures higher than 18 GPa in
experimentally shocked quartz increased the amount of
diaplectic glass and caused characteristic changes in absorp-
tion features. Infrared absorption studies on experimentally
shocked feldspars indicated weakening and shifts in absorp-
tion bands related to increasing glass content, particularly at
shock pressures above ~20 GPa [drndt et al., 1982,
Ostertag, 1983; Nash and Salisbury, 1991; Williams,
1998]. Diaplectic glass (““maskelynite’”) formation in feld-
spars occurs between ~30—45 GPa, while significant melt-
ing occurs above ~42 GPa [Stoffler, 1972; Gibbons et al.,
1975; Horz and Cintala, 1997; Velde et al., 1987, 1989],
although the absolute strain rate, absolute stress, and shock
pulse duration likely influence the precise shock levels for
melting [Stoffler, 2001; DeCarli et al., 2001]. Infrared
absorption spectra of olivines subjected to high pressures
exhibit spectral features that are broader and shifted to
higher wave numbers relative to ambient conditions, indi-
cative of increasing disorder [Schneider and Hornemann,
1977; Hofmeister et al., 1989; Hofmeister, 1997, Wang et
al., 1993].

[10] Transmission spectra of shocked orthopyroxenes
obtained by Estep et al. [1972] showed little change in
spectral features until >45 GPa. This is consistent with
early X-ray and Mossbauer spectra of shocked pyroxenes
that showed structural disorder did not occur in enstatites
until >45 GPa [Pollack and DeCarli, 1969; Dundon and
Hafner, 1971; Horz and Quaide, 1973]. Other work also
has suggested that pyroxenes are relatively resilient to high
shock pressures and mainly show only mechanical defects
(fractures, lattice dislocations, twinning, planar deforma-
tion features) up to ~45 GPa or more [Ahrens and
Gaffney, 1971; Stoffler et al., 1991; Leroux et al., 1994;
Schmitt and Deutsch, 1995; Kotelnikov and Feldman,
1998], and that significant melting may not begin until
>60 GPa [e.g., Stoffler, 1972; Stoffler et al., 1991, Horz
and Cintala, 1997; Xie et al, 2001]. However, the rar-
efaction and reflection of shock waves across grain boun-
daries often results in a heterogeneous distribution of
shock pressures in sample volumes as small as 1 cm?’
[e.g., Hanss et al., 1978]. This can result in minor
localized melting along grain boundaries at pressures lower
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than 50 GPa in pyroxenes [e.g., Feldman et al., 1994;
Sazonova et al., 1996].

3. Methodology
3.1. Shock Experiments and Samples

[11] The shock experiments were performed with the Flat
Plate Accelerator, a powder propellant gun, at the Johnson
Space Center, Houston. This launches flat metal plates for
the production of planar shock waves in targets of geologic
interest [cf. Gibbons et al., 1975; Cygan et al., 1992]. Salient
experimental details are summarized in Table 1. The pro-
jectile was a lexan-cylinder faced with a flat, metallic
“flyer” plate of diameter 22 mm and thickness T, (typically
2 mm). The geologic target was a disc cored from the rock
sample, 12 mm in diameter and 1 mm thick. A few experi-
ments were conducted with a 20 mm barrel using target
disks of 7 x 0.5 mm (see Table 1). This target disc was
effectively encapsulated into a metal jacket. This jacket in
turn was housed in a substantial target “holder”, machined
from identical materials as the jacket. This massive holder
was placed inside the impact chamber (maintained at 10>
atm during the actual impact) and held in the path of the
projectile by 3 plastic screws. The screws broke upon
impact, allowing the entire holder to move freely, and thus
providing for an efficient momentum trap. All dimensions of
the machined target parts were scaled toward those of the
flyer plate thickness (T,) to assure that the geologic target
equilibrated with its surrounding metal jacket within time-
scales commensurate with the pulse duration (t) of the shock
wave (t = T,/Us where Ug = shock wave velocity). Using
millimeter-sized flyer plates produced pulse durations in the
present experiments on the order of a few microseconds. By
manufacturing the flyer plate and all target assembly and
holder parts from materials with known equations of state
(EOS), a graphical impedance match method could be
applied to solve for the shock peak pressure at the projec-
tile/target interface [e.g., Duvall, 1962]. Trade-offs between
impact speed and the acoustic impedance of the materials
used for the flyer plate and target assembly were made to
vary the peak pressure in these experiments (Table 1). The
impact velocity was measured in the Flat Plate Accelerator
via laser occultation methods to a precision of 0.5%.

[12] Following an experiment, the target-holder, includ-
ing the jacket-assembly inserted in its front, was recovered
in relatively undeformed condition. A lathe was used,
employing gaseous N, as a coolant, to remove excess metal
until the silicate target could be pried from its original target
well. Careful prying allowed for the recovery of relatively
large chips (2—10 mm) that were separated from the more
fine-grained materials. The latter were gently powdered to a
more homogeneous grain size (<20—30 pm). Unshocked
samples also were similarly powdered and broken into
smaller chips for better comparison to the shocked samples.
Use of the 20 and 25 mm barrels allowed for different target
sizes and recovered mass (60 and 400 mg, respectively).

[13] The small target-discs may readily be manufactured
from single crystal feldspars or pyroxenes, but we used
polycrystalline and essentially monomineralic rocks in this
work to avoid possible bias of crystal-lattice orientation
relative to the propagating shock on the type and degree of
shock deformation. This required target rocks of millimeter-
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Table 1. Detailed Experimental Conditions for the Shock
Recovery Experiments of Anorthosite and Pyroxenite Targets

EIL Number®  Target Impact Flyer Assembly Peak
Velocity, Plate® Pressure,

km/s GPa

3156 Plag. 1.344 Al2024 SS304 17.0
3154 Plag. 1.001 SS304 SS304 21.0
3151 Plag. 1.021 SS304 SS304 21.5
3155 Plag. 1.061 SS304 SS304 22.6
3146 Plag. 1.182 SS304 SS304 25.5
3145 Plag. 1.243 SS304 SS304 27.0
3142 Plag. 1.333 SS304 SS304 29.3
3148 Plag. 1.301 SS304 FS77 37.5
3143 Plag. 1.325 SS304 FS77 38.2
3149 Plag. 1.233 FS77 FS77 49.2
3144 Plag. 1.385 FS77 FS77 56.3
3214 Opx 1.391 Al2024 SS304 19.0
3257 Opx 1.171 SS304 SS304 252
3208 Opx 1.377 SS304 SS304 30.5
3258 Opx 1.234 SS304 FS77 35.0
3215 Opx 1.389 SS304 FS77 40.0
3218 Opx 1.109 SS304 FS77 439
3268° Opx 1.369 W FS77 59.6
3266° Opx 1.385 w FS77 60.0
3267° Opx 1.385 W FS77 60.0
3265° Opx 1.420 W FS77 62.1
3270° Opx 1.434 W FS77 62.9

“Running Flat Plate Accelerator experiment number in Experimental
Impact Laboratory at JSC.

Projectile and assembly materials (EOS): Aluminum2024 [Marsh,
1980], Stainless Steel 304 [Marsh, 1980], “Fansteel 77 (a W-Ni alloy
[Jones et al., 1966]), W = pure tungsten [Marsh, 1980].

“Experiments employing the 20 mm barrel and 18 mm diameter flyer
plates; all other experiments were conducted with the 25 mm barrel and 23
mm diameter flyer plates; all flyer plates were 2 mm thick, except for the
W plates (1 mm). Note: shots 3266 through 3268 and shots 3265 and 3270
were combined into two samples of sufficient mass to conduct the optical
measurements and assigned average peak pressures of 59.9 and 62.5 GPa,
respectively.

sized crystals of random orientations. Samples that fit these
criteria were acquired from the Stillwater Complex (Mon-
tana), an igneous layered intrusion containing orthopyrox-
enite and anorthositic rocks that have been studied by both
terrestrial and planetary science communities [e.g., Hess,
1960; Jackson, 1961; Page, 1977; Papike et al., 1995]. The
Stillwater orthopyroxenites and anorthosites are relevant to
the specific pyroxene and feldspar mineralogies identified by
TES on Mars as well as the orthoropyroxene-rich shergot-
tites in the Martian meteorite collection [McSween, 1994].
Other pyroxenites have been well-studied, particularly in
comparison to the Martian meteorites (e.g., Theo’s Flow in
Canada [Friedman et al., 1995; Treiman et al., 1996]) but do
not contain abundant (>80%) pyroxene. We chose an anor-
thosite with ~90% bytownite (Anys), ~5 clinopyroxene, and
~5% orthopyroxene from the AN-II unit of the Middle
Banded Series [Haskin and Salpas, 1992] to represent the
feldspar. We chose an orthopyroxenite with ~90% bronzite
(Engs), interstitial plagioclase (~8%) and clinopyroxene
(~2%) from the Peridotite Zone of the Ultramafic Series
[Raedeke and McCallum, 1984] to represent the pyroxene.

3.2. Thermal Infrared Spectroscopy

[14] Infrared spectrometers at the University of Hawaii
(UH) and Arizona State University (ASU) were used to
obtain directional hemispherical reflectance and emissivity
spectra of the larger chips and powders. Spectra of powders
packed with hand pressure were also acquired to determine
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Figure 1. (a) Emissivity spectra of anorthosite chips recovered from shock experiments, with shock

pressures labeled above each spectrum. (b) Hemispherical reflectance spectra (inverted to emissivity) of
the anorthosite chips. Vertical dotted lines located where spectral features vary with increasing pressure:
1250, 1115, 940, 538, and 450 cm™ ' (see text). All spectra are offset from the unshocked (0 GPa)

spectrum in each plot.

the extent to which packing would improve spectral contrast
for these samples [e.g., Salisbury and Wald, 1992; Johnson
et al., 1998]. Acquisition of spectra using both UH and
ASU instruments allowed comparison of reflectance and
emission techniques and provide checks on the reproduci-
bility of the results [cf. Mustard and Hays, 1997].

[15] The UH operates a Nicolet 740 spectrometer capable
of providing directional hemispherical reflectance (715—
3300 cm ™ '; 3—14 pm) (similar to the arrangement of Salis-
bury et al. [1991a, 1991b, 1994]) in which the spectrome-
ter’s external port is fitted with an integrating sphere, coated
inside with a diffusely reflecting gold surface, and a liquid
nitrogen-cooled Hg-Cd-Te (MCT) detector [Johnson et al.,
1998]. The spectrometer was configured to provide 8 cm ™'
resolution with 1000 scans co-added per sample spectrum,
which was ratioed to the spectrum of a diffusely reflecting
gold plate to provide a hemispherical reflectance spectrum.
This type of spectrum allows direct conversion to emission
spectra via Kirchhoff’s law, unlike biconical reflectance

spectra that are subject to anomalous scattering effects
[Salisbury, 1993; Salisbury et al., 1991a, 1991b, 1994].
Unfortunately, all but the unshocked samples were insuffi-
cient in size to fully cover the spectrometer’s infrared field of
view. To compensate for the small sample area we placed the
samples on cups that were plated with the same reflective
gold surface as the interior of the integrating sphere and that
were sufficiently large to fill the sample port. This provided
consistent measurements of a sample’s spectral reflectance
but at the expense of uncertainties in the absolute reflectance
values because a portion of the “sample” viewed by the
spectrometer was highly reflective, gold-plated sample cup.
However, measurements of the larger unshocked samples
that filled the sample port provided a baseline from which
the shocked sample reflectance values could be scaled, and
emissivity measurements of the same samples provided an
additional check on the reflectance levels.

[16] ASU operates a Nicolet Nexus 670 spectrometer
equipped with an uncooled deuterated triglycine sulfate
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(DTGS) detector adapted for emission spectroscopy [Ruff et
al., 1997]. Energy from a heated particulate sample (main-
tained at 80°C) is collected by a parabolic mirror and
directed toward the interferometer, and blackbodies at
70°C and 100°C are used for radiometric calibration. For
this instrument, the small sample size was compensated by
adjusting the sample location within the optical path such
that the infrared beam was confined to the sample. The
spectrometer was configured to provide 4 cm ™' resolution
from 1667—200 cm™' (6—50 pm) with 180 to 250 scans co-
added per spectrum. Although the enclosed system was
purged continuously to remove CO, and water vapor, some
of the spectra presented here were contaminated with
sufficient residual water vapor at <350 cm™' (29 pum) to
prevent inclusion of that spectral region. As such, all spectra
are presented below from 350—1400 cm ™' (7-29 pm).

4. Results
4.1. Anorthosite

[17] Emissivity and hemispherical reflectance spectra of
the shocked anorthosite chips shown in Figure 1 demonstrate

900
Wavenumber (cm)

800 700 600 500 400

(continued)

a variety of features that change with increasing shock
pressure indicative of lattice disorders associated with the
increasing formation of glass. A major absorption at 1115
em ' (9.0 um) and smaller absorptions at 538 cm ™' (18.6
pm), 590 cm™ " (17.0 pm), and 630 em~' (15.9 pm) decrease
in band strength. Figure 2 shows the correlation between the
1115 cm ™' band depth and pressure is linear in both
emissivity and reflectance spectra. An absorption centered
near 465 cm~' (21.5 um) disappears by 25.5 GPa and then
develops into a broad band centered near 450 cm™~' (22.2
pm) at higher pressures, as shown in Figure 3. The Christian-
sen feature (CF) at ~1250 cm™"' (8.0 um) shifts to smaller
wave numbers with increasing pressure (Figure 4), whereas
the position of the prominent 940 cm ™' (10.6 pm) band
shifts slightly to higher wave numbers at higher pressures
(Figure 5). Error bars used in Figures 4 and 5 represent the
spectral resolutions of the emissivity and reflectance spectra
and are used here because of the difficulty in precisely
defining the positions of the CF and the 940 cm ' band.
The change in CF position varies slightly between emission
and hemispherical reflectance spectra because of the differ-
ent spectral resolutions of the two data sets [cf. Salisbury et
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Figure 2. Band depth at 1115 cm ™' (computed using continuum between 1075 cm™ ' and 1150 cm™ )
as a function of shock pressure for emissivity and hemispherical reflectance spectra of anorthosite chips.

Linear correlation line and coefficients shown.

al., 1991a]. The CF positions observed for the unshocked
anorthosite in both emissivity and reflectance data are still
well within those observed for anorthite by Nash and Salis-
bury [1991].

[18] Figure 6 shows emissivity spectra of the shocked
anorthosite powders. Reflectance spectra of these powders
are quite similar, as are all spectra of packed powders, and
are not shown here. In the powder spectra the bands at 1115
ecm ' and ~945 cm ™' are much more subdued than in the
chip spectra (Figure 1). This is consistent with the powder’s
fine grain size [e.g., Salisbury and Walter, 1989], although a
reduction in their band depths with increasing pressure is
still noticeable. More apparent is the transparency band at
830 cm~' (12.1 pm) caused by volume scattering [e.g.,
Salisbury, 1993]. This band also becomes more subdued
with increasing pressure, as shown in Figure 7.

4.2. Pyroxenite

[19] Spectra of the pyroxenites show the characteristic
“critical absorptions” (CA) described by Hamilton [2000]
for orthopyroxenes, but little change in spectral features is
observed for the pyroxenite chips even at pressures > 60
GPa (Figure 8). Minor absorptions at 976 em ! (10.3 pm)
and 567 cm™"' (17.6 um) (corresponding to CA2 and CAS5,
respectively, of Hamilton [2000]) degrade with increasing
shock pressure. The stronger bands are more resilient to
high shock pressures. This is consistent with results
obtained from early transmission measurements of shocked
pyroxenes [e.g., Estep et al., 1972]. We note that minor
differences among spectral features (e.g., CA shapes) may
result from natural variations in the samples or differences
in crystal orientations of the chips among the different
samples [e.g., Hamilton, 2000].

[20] Emission spectra of shocked pyroxenite powders
show little change with pressure as well (Figure 9). We
note that spectra of powders shocked to 25.2, 35.0, 59.9 and
62.5 GPa were acquired as a separate subset of observa-
tions. These spectra are noisier and exhibit flatter spectral
slopes at wave numbers > 1200 cm ™' than the other spectra.
This is likely due to a combination of greater residual water
vapor in these spectra and subtle differences in grain sizes
produced during sample preparation. As such, the small
transparency band at 800 cm ™' (12.5 um) is only observed
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Figure 3. Band depth at 450 cm™' (computed using
continuum between 350 cm™ ' and 520 cm ') as a function
of shock pressure for emissivity spectra of anorthosite chips.
Linear correlation line and coefficient shown.
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coefficients shown.
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Figure 6. Emissivity spectra of anorthosite powders recovered from shock experiments, with shock
pressures labeled above each spectrum. All spectra are offset from the unshocked (0 GPa) spectrum.
Vertical dotted line at 830 cm™! locates a transparency features that varies with increasing pressure as

described in text.

in the less noisy and finer-grained powder spectra. Changes
in the strength of this band appear more related to the effects
of grain size and/or quality of spectra than to the effects of
shock pressures. Again, reflectance spectra of these powders
are very similar to their emissivity spectra, as are all spectra
of packed powders, and are not shown here.

5. Discussion
5.1. Anorthosite

[21] The disordering effects on the crystalline structure of
feldspars using both static (diamond anvil cells) and kinetic
(shock recovery) high pressure experiments have been
studied using dominantly infrared absorbance and Raman
spectroscopy combined with x-ray diffraction [e.g., Velde
and Boyer, 1985; Velde et al., 1987, 1989; Heymann and
Horz, 1990; Daniel et al., 1995, 1997; Reynard et al.,
1999]. Disordering of feldspar begins generally at pressures
above 15-20 GPa and progressively increases until a
dominantly amorphous state is reached by about 30 GPa
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Figure 7. Band depth at 830 cm™' (computed using
continuum between 790 cm ™' and 900 cm ') as a function
of shock pressure for emissivity spectra of anorthosite
powders. Linear correlation line and coefficient shown.
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Figure 8. (a) Emissivity spectra of pyroxenite chips recovered from shock experiments, with shock
pressures labeled above each spectrum. Spectra at 25.2, 35.0, and 59.9 GPa extend to only 400 cm ™' due
to a software error during their acquisition. (b) Hemispherical reflectance spectra (inverted to emissivity)
of the pyroxenite chips. Vertical dotted lines located at 976 cm ™' and 567 cm™' where minor spectral
features become more subdued with increasing pressure. All spectra are offset from the unshocked (0

GPa) spectrum in each plot.

[e.g., Stoffler and Hornemann, 1972; Arndt et al., 1982
Ostertag, 1983; Langenhorst, 1989]. Within this pressure
region the characteristic, fourfold (tetrahedral) strong coor-
dination bonds of silicon and aluminum in feldspars distort
to weaker, less polymerized bonds that approach sixfold
(octahedral) coordination. The increased structural disorder
and density results in the mutual existence of crystalline
phases and diaplectic glasses throughout this pressure
region which provide characteristic vibrational frequencies
in the thermal infrared. Absorptions in the 900—1200 cm ™"
region are due to Si-O antisymmetric stretch motions of the
silica tetrahedral units in the structure. SiOg octahedral
stretching vibrations occur between 750—850 cm ™' whereas
Si-O-Si octahedral bending vibrations cause several smaller
absorptions between about 700—450 cm™'. Between 400—
550 cm™!' bending vibrations in the Si-Al-O planar ring
structures in tectosilicates and diaplectic glasses occur

[Bunch et al., 1967, liishi et al., 1971; Stoffler and Horne-
mann, 1972; Arndt et al., 1982; Velde et al., 1987; Williams
and Jeanloz, 1988, 1989; Daniel et al., 1995, 1997,
Williams, 1998].

[22] In shocked samples crystalline and amorphous
phases likely coexist as intimate mixtures with the propor-
tion of diaplectic glass increasing with shock pressure
[Ostertag, 1983; Heymann and Horz, 1990; Yamaguchi
and Sekine, 2000]. The spectral features of anorthosite that
change with increasing peak shock pressure are summarized
in Table 2. The disappearance of the small bands between
500—650 cm ™' by 25.5 GPa is due to the depolymerization
of the silica tetrahedra [e.g., Williams, 1998]. This behavior
is similar to that observed in transmission spectra of
diaplectic laboradorite glass from Manicouagan crater by
Arndt et al. [1982] and in absorption spectra of shocked
feldspars by Ostertag [1983], as is the appearance of the
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band near 450 cm ™' with increasing pressure (Figure 1). For

the stronger Si-O stretching bands, the higher-wave number
band (1115 cm™") disappears by 38.2 GPa, and the lower-
wave number band (940 cm ') shifts to higher wave
numbers with pressure. These effects are similar to the
feldspar observations of Arndt et al. [1982] and Stoffler
and Hornemann [1972]. The shift in the Christiansen
feature near 1250 cm™' to lower wave numbers with
increasing pressure in the chip samples (Figure 4) may be
a side-effect of the loss of the 1115 cm™" stretching band.
The change in CF position is not observed in the powder
sample spectra (Figure 6), consistent with results of Nash
and Salisbury [1991] for biconical reflectance spectra of
crystalline and fused powders of the same plagioclase
composition.

[23] The transparency feature near 830 cm™' in pow-
dered samples (Figure 6) results from their fine grain size,
which reduces the spectral contrast of the reststrahlen
bands and allows volume scattering to dominate [e.g.,
Salisbury et al., 1991a, 1991b]. The transparency feature
disappears at high pressures, similar to the fused glass
spectra of anorthite presented by Nash and Salisbury
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(continued)

[1991]. This likely occurs because of the structural disorder
in the highly shocked samples, which prevents significant
volume scattering.

[24] Although transparency features can be difficult to
detect on airless planetary surfaces due to severe temper-
ature gradients [e.g., Salisbury et al., 1991a, 1997], Hen-
derson and Jakosky [1994] suggested that the atmospheric
pressure on Mars is sufficient to minimize these effects.
Indeed, although TES spectra of high albedo regions are
dominantly blackbody-like (particularly in the reststrahlen
region) [e.g., Christensen et al., 2000c], ongoing analyses
of some spectra reveal an absorption near 825 cm ', which
is interpreted as a transparency feature associated with
feldspar [e.g., Ruff and Christensen, 2002]. If this feature
is absent in some high albedo regions, one explanation
could be the presence of highly shocked, fine-grained
feldspars. In support of this concept, we note that the
similarity of impact melt compositions at Meteor Crater
with Martian surface materials suggested to Hérz et al.
[2002] that shock-produced glasses may be suitable ana-
logs to some Martian surface materials. Schultz and Mus-
tard [1998] came to similar conclusions upon comparison
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Figure 9. Emissivity spectra of pyroxenite powders recovered from shock experiments, with shock
pressures labeled above each spectrum. All spectra are offset from the unshocked (0 GPa) spectrum.
Vertical dotted line at 800 cm ™' locates a transparency features that varies as a function of grain size and

data quality, as described in the text.

of visible/near-infrared spectra from Mars Pathfinder to
spectra of glasses produced from impacts into terrestrial
loess.

[25] Feldspar minerals with compositions other than the
bytownite investigated here likely experience similar
effects in their thermal infrared spectra at high shock
pressures. Although differences in spectral detail of
unshocked feldspars exist and are well documented [e.g.,
liishi et al., 1971; Nash and Salisbury, 1991], Ostertag
[1983] showed that changes in the thermal infrared trans-
mission spectra of shocked feldspar crystals are very
similar no matter the spectral shape of the unshocked
samples. While the precise peak shock pressures at which
structural disorder and melting occur may vary among
feldspar compositions [e.g., Williams, 1998], the stretching
and bending modes associated with Si-O, Si-O-Si, and Si-
Al-O bonds generally weaken with increasing pressure and
cause shifts in band positions similar to those observed
here for bytownite. Emission and reflectance spectra of an
experimentally shocked albite-rich rock are being acquired

to test these observations and will be reported in a
subsequent paper.

5.2. Pyroxenite

[26] In contrast to the multiple features in anorthosite
spectra that provide sensitive barometers to shock pressure,
the orthopyroxenite studied here shows little change in
spectral properties with increasing pressure (Figures 8 and

Table 2. Summary of Observed Changes in Unshocked Spectral
Feature Positions With Increasing Shock Pressure

1

Sample Feature Position, cm ™ Change With Increasing
Pressure
Anorthosite 538, 590, 630, 1115 band depth decreases
(S2-104) 450 band depth increases
940 band shifts to higher cm ™’
1250 position shifts to lower cm ™!
830 (powder) band depth decreases
Orthopyroxenite 976, 567 band depth decreases

(S-77)
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9). The two minor bands at 976 cm™' and 567 cm™'
degrade with increasing shock pressure, but the stronger
bands maintain their relative depths and positions at high
shock pressures. This is consistent with previous observa-
tions of shocked pyroxenes that demonstrated their resil-
iency and incompressibility to high pressures [e.g., Ahrens
and Gaffney, 1971; Dundon and Hafner, 1971; Stiffler et
al., 1991; Leroux et al., 1994; Schmitt and Deutsch, 1995].

[27] The disappearance of the small bands observed in the
spectra here may result from minor amounts of melting
similar to that observed in petrologic studies of samples
shocked to pressures greater than about 45 GPa. Our spectra
show that such melting apparently is insufficient to alter
significantly the major stretching and bending vibration
bands, at least to the maximum pressure of 62.5 GPa in
the orthopyroxenite studied here. Indeed, Estep et al. [1972]
required peak shock pressures of 100 GPa to observe a
reduction in spectral detail in their transmission spectra.

[28] Although the only pyroxene composition we exam-
ined was bronzite, other pyroxenes probably also exhibit
limited spectral changes over the range of shock pressures
investigated here, as evidenced by numerous studies of both
orthopyroxenes and clinopyroxenes which suggest that
mechanical defects and fractures dominantly occur at these
pressures [e.g., Lambert, 1982; Sazonova et al., 1996;
Kotelnikov and Feldman, 1998].

6. Conclusions

[29] Recognition of the spectral effects of high shock
pressure on major rock forming minerals will aid under-
standing of remotely sensed thermal infrared surface spectra
not only of Mars but of impact materials on the Earth,
[e.g., Ramsey and Christensen, 1992], Moon [Salisbury et
al., 1995, 1997; Nash et al., 1993], Mercury [Sprague et al.,
1992, 1994], asteroids such as 4 Vesta [e.g., Morris et al.,
1999], and shocked minerals in the SNC and lunar meteor-
ites [Hamilton et al., 1997; Cooney et al., 1999; Mikouchi,
1999]. The new laboratory thermal infrared spectra pre-
sented here of shocked pyroxene- and feldspar-bearing
rocks test the degree to which increased crystalline disorder
caused by high shock pressures can be readily discerned
using emission and directional hemispherical reflectance
spectroscopy of particulate samples. Our results show that
diagnostic spectral features change systematically with
increasing pressure in high-calcium plagioclase feldspar,
whereas very few features change in orthopyroxene to
pressures of 62.5 GPa. Future spectroscopic studies will
analyze experimentally shocked samples of other feldspar
compositions (e.g., albite) plus basaltic and andesitic rocks
(similar to those detected from TES spectra [e.g., Bandfield
et al., 2000a; Hamilton et al., 2001; Wyatt et al., 2001]).
Raman spectroscopy of such samples also would be bene-
ficial, particularly if this technique will be used for in situ
measurements on Mars or if it can be developed as a
remote-sensing tool [e.g., Wang et al., 1999; Horton et
al., 2001].

[30] Unlike previous spectral studies of shocked minerals
(transmission, absorption, biconical reflectance) the meth-
ods used here provide spectra that can be compared directly
with remotely sensed surface spectra and can be incorpo-
rated as additional end-members in linear deconvolution
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methods to improve modeling and interpretation of TES
data [e.g., Thomson and Salisbury, 1993; Ramsey and
Christensen, 1998; Bandfield et al., 2000b; Hamilton and
Christensen, 2000]. In particular, the shocked feldspar
spectra can be used in deconvolution models of TES spectra
to help detect and map shocked materials located in impact
ejecta on Mars to provide an additional means of interpret-
ing the geology and provenance of impact materials [John-
son et al., 2002]. Thus, the deconvolution of thermal
infrared spectra such as that provided by TES (as well as
future imaging systems such as THEMIS on the 2001 Mars
Odyssey orbiter and miniTES on the 2003 Mars Exploration
Rovers) should include shocked sample spectra such as that
described here in mineral libraries.
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